This study seeks to better understand natural speech processes by examining coarticulatory patterns in the spontaneously produced speech of adults and children. Coarticulation, the process by which any articulatory gesture affects adjacent articulatory gestures, can be anticipatory (as when knowledge of an upcoming gesture affects the realization of the gesture currently being executed) or perseverative (when an already initiated gesture carries over onto the articulatory realization of a following gesture). We examine three acoustic measurements in an attempt to distinguish productions of [s] in round vs. non-round vowel contexts, and we compare the results for adults vs. children.
1
. Procedure and analysis. We report three acoustic measures: high frequency centroid, amplitude ratio, and kurtosis. A description of each measurement is provided below. To calculate the acoustic measures, a 40 millisecond Hamming window was centered at three time points: 20%, 50%, and 80% of the fricative's duration. (Fricatives shorter than 100 ms were excluded from the analysis.) A fourth window, centered at 20 ms into the adjacent vowel, was used to generate vowel spectra for comparison. The spectra were then averaged across all tokens and used to produce the plots in Figure 1 . The left panel of Figure 1 shows the averaged fricative spectra for the anticipatory direction, based on the 80% duration time slice, juxtaposed with the adjacent vowel spectra. The right panel shows the perseverative spectra for the 20% duration time slice, also juxtaposed with the adjacent vowel spectra. We now describe the measurements used to characterize the differences in spectral shape.
High frequency centroid. Following previous work, we calculated the high frequency centroid -the weighted mean frequency above the F2 region -since excluding the noise within the F2 region provides a better estimate of the size of the front cavity alone (Li et al., 2007) . The F2 region was defined as 2500 -3500 Hz for all children, 1500 -2500 Hz for women, and 1125 -2125 Hz for men (spanning the neutral tube F2 for vocal tract lengths of 8.75, 13, and 16 centimeters, respectively). These frequency ranges were chosen by visually examining plots of the averaged spectra for each group, identifying the approximate F2 peak, and defining a 1000 Hz band around that average peak.
Amplitude ratio. We also measured the amplitude of the F2 region relative to that of the highest peak above the F2 region (Li et al., 2007) . For each fricative, we found the highest amplitude peak above the F2 region, determined the average amplitude within a 1000 Hz band centered on that peak, then subtracted the average amplitude within the F2 region from the average amplitude of the high frequency peak. A high amplitude ratio therefore indicates that the amplitude of the F2 region is relatively low, and we interpret a low F2 amplitude as resulting from a flatter, more palatal tongue posture (high amplitude ratio < relatively low F2 amplitude < less coupling between the front and back cavities < longer constriction). Note, however, that the gross differences in spectral shape between adults and children mean that the amplitude ratio measurement is better suited for making within group comparisons.
Kurtosis. Kurtosis, the fourth spectral moment, is commonly used to quantify the "peakedness" of a distribution. Greater values correspond to more defined peaks, which are a reliable indicator of greater lip rounding (Shadle & Mair, 1996) . We computed kurtosis based on the procedures described in Forrest et al. (1988) , with the modification of calculating the spectrum over a 40 ms Hamming window rather than a 20 ms one.
Statistical modeling. Separate statistical models were fit for the child and adult data, and for the anticipatory and perseverative data, resulting in four models for each dependent measure. Predictors were added in a step-wise fashion as follows. A random effect for speaker was included in each model. A fixed effect for measurement location (20% fricative duration vs. 80% fricative duration) was then added, followed by a fixed effect for context (round vowel context vs. non-round vowel context), followed by an interaction term. Non-significant predictors were dropped before additional predictors were added.
Results and Discussion
The raw means for the high frequency centroid, amplitude ratio, and kurtosis data are shown in Figures 3, 4 , and 5, respectively, and a summary of the statistically significant predictors is provided in Table 2 . Overall adult vs. child differences. As seen in Figure 1 , and as reflected in the large between group differences in amplitude ratios and kurtosis, the child fricative spectra were overall much flatter than the adult spectra, with less well defined peaks. In adult productions of [s], the apex of the tongue forms a groove, directing a stream of air against the back of the teeth and generating obstacle turbulences that result in high frequency, high intensity noise. This noise is further shaped by the anterior cavity, resulting in a particularly intense, peaked distribution of high frequency noise.
The relative lack of high intensity, high frequency noise in the child productions suggests that the children in the present study were unable to direct a stream of air to hit the teeth (at least not with adult-like precision). The disperse nature of the high frequency noise may also reflect a combination of a more laminal articulation (Li et al., 2007) and a lack of shaping by the front cavity. We conclude that the global differences between the adult and child spectra suggest that the children in this study were unable to produce the tongue shape necessary to direct a stream of air to hit the teeth and may have instead formed a flatter, more palatalized constriction.
Anticipatory vs. perseverative differences. For both adults and children, for every dependent measure, the anticipatory data showed a magnitude of coarticulatory influence that was constant throughout the fricative. This suggests that both adults and children have already planned and prepared the articulators for the fricative and its following vowel by the time they begin the fricative articulation. Otherwise, the influence of the round vowel on the fricative would increase during the fricative. We note that the child data showed no effect of vowel context on kurtosis. One interpretation of this finding is that the children did not produce significant lip rounding in the context of the phonologically round vowels, suggesting that the difference in the centroid data could additionally be explained by a difference in place of articulation. (The high frequency centroid correlates inversely with the size of the front cavity, which can be lengthened by lip rounding and/or by producing a more posterior constriction location.) Since all of the round vowels in this study were also back vowels, it is possible that the coarticulation evidenced by the children's high frequency centroids was at least partially due to anticipatory retraction of the tongue. This would be consistent with our explanation for the overall differences in spectral shape, in that it suggests only gross motor control of the tongue (i.e., a lack of differentiated control for the front vs. the back of the tongue).
In the perseverative direction, for every acoustic measurement examined, the adult data revealed a significant interaction term of vowel context and measurement location, while the child data did not. Adults' [s] productions were apparently quite dynamic, since the influence of the round vowel on the following fricative was relatively short lived (differing significantly from the beginning to the end of the fricative). The child perseverative data, however, indicate a static production; while children may have anticipated their upcoming fricative-vowel gestures to the same extent as adults, they were not similarly able to correct for perseverative coarticulatory differences.
Conclusion
In this paper, we implemented three acoustic measurements that were successfully used to describe coarticulatory patterns in spontaneous speech. Both adults and children exhibited anticipatory and perseverative vowel-on-fricative coarticulation. For children, perseverative coarticulation persisted throughout the fricative, while for adults, it was short-lived. This result, combined with the overall differences in spectral shape, suggests that the development of adultlike coarticulatory patterns depends on the acquisition of fine-grained motor control of the tongue, and on the appropriate phasing of lingual gestures with other gestures. Our results also suggest that the development of adult-like gestural phasing may proceed along different timelines depending on the direction of influence (i.e. anticipatory vs. perseverative).
